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Abstract: This project’s experiment compared the total nitrogen content in collected 
agricultural topsoil before and after a simulated storm of 100 mm of precipitation over 8 
hours through CHN analysis. Phosphate, nitrate and ammonium mobilization and loss were 
also measured through ion chromatography of the collected runoff water. 
Two cases were considered in the experiment, corresponding to two separate runs of the 
simulation on six simulated soil profiles each: Conventional Drainage (CD), where water 
was let to flow free out of the soil column during and 24 hours after the simulated storm; 
and Controlled Drainage (CoD), where the outlets of the columns were kept closed for 4 
days, and then opened for 24 hours before sample collection. 
Results from the experiment were very disperse due to the natural heterogeneity of soil 
and the propagation of all errors in all the steps of the experimental process. This is known 
to cause high standard deviations of the results whenever trying to apply a mass balance 
model to the different chemical species in the soil. 
These results show, however, a statistically significant trend towards an increased loss of 
nitrogen from the soil when CoD is used, associated with increased interaction with the 
atmosphere, as well as a slight increase in the mobilization of phosphates. 
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1. Introduction 
 
1.1 Conventional (or traditional) drainage and nutrient loss in agricultural fields 
Nutrient loss in soils is a rising concern in terms of environmental and economic aspects. In 
order for the food production industry to thrive, nutrient-rich fertilizers are required in order 
to achieve maximum crop yield as well as being necessary in other aspects of farming such as 
animal husbandry. However, the amount of these nutrients, specifically Nitrogen (N) and 
Phosphorus (P), in the fertilizers being applied to soil on agricultural ground is an issue, made 
worse by the drainage systems that have been implemented in many fields. (Wesström, 2003) 
In this project we consider two different drainage systems, namely, Conventional Drainage (CD) 
and Controlled Drainage (CoD). 
Drainage systems were originally implemented in order to avoid the water table rising too 
greatly during heavy rainfall periods to minimize damage to the crops by excessive soil water. 
However, it has been found that these systems instead, increase the amounts of nutrients being 
lost from the soil, negatively affecting crop yield, since as much as 45-60% of N and 33% of P 
was found being lost through these traditional drainage systems. (Wesström, 2003) 
Conventional drainage is a system in which surface or subsurface water is removed from an 
area in the fields without any limitations or boundaries preventing the natural flow. In such 
drainage systems, nutrients are carried away dissolved or adsorbed to soil particles suspended 
in the water and end up wherever the rainwater reaches, usually in nearby lower-lying water 
bodies. This causes harm to these water bodies and the organisms in and around them as an 
excess of nutrients such as nitrates and phosphates can be toxic or alter the local biodiversity. 
As a response to increased levels of these nutrients, algal blooms arise and deplete the water of 
oxygen, a phenomenon known as eutrophication. Nitrogen is usually the main cause of these 
algal blooms in marine waters and phosphorus is usually associated with the inland algal 
blooms occurring in estuaries and other water bodies. Aside from this harm to the ecosystem 
in these water bodies, pollution with nitrates also reduces the quality of drinkable and usable 
water for humans and other animals. All these cause economic issues such as losses to fishing 
and recreational industries, marine and inland. (Wesström, 2003) 
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In terms of agriculture, the main goal for the farmers is to achieve as high crop yield as possible 
by maintaining a high level of nutrients in the soil. However, through traditional drainage 
systems, nutrients are lost, thus potentially decreasing the potential yield. 
Most of the N that exits the soil is lost in the process of leaching.  Although reducing the amount 
of N and P from fertilizers or N formed by nitrification available in the soil made a small 
difference, the amount of nutrients lost still correspond with the amount of runoff happening 
which is determined by the amount of rainfall. (Wesström, 2003) 
 
1.2 Controlled drainage and nutrient loss 
Controlled drainage allows control over the maximum height of the water table in the soil, 
giving groundwater the opportunity to rise in non-growing periods after harvest and then 
lowering it later in time for the next sowing and growing period. (Wesström, 2003) This is 
largely beneficial as it slows down, reduces or totally prevents flooding of lower lying areas of 
the fields and so reducing the daage to the crops.  
The effects of the controlled drainage technique have been studied over medium to long periods 
of time, for example, over 2-3 years in studies in Sweden. It was seen that by using controlled 
drainage, the net P and N lost from the soil during the winter season was reduced when 
saturation of 80% of the root zone layer in soil was being retained over this time 
period.  (Wesström, 2001) At the end of one study, the outflow amount of nitrate had been 
reduced by 94% and the amount of phosphorus lost had been reduced by 85% over 2 years by 
using controlled drainage systems. (Wesström, 2001) 
In another study done over 4 years in North Carolina, it was observed that controlled drainage 
reduced both nitrogen and phosphorus annual losses by 45% and 35% respectively. 
(Wesström, 2007) 
It is evident that controlled drainage has a strong and positive impact on hydrological and 
environmental aspects over a medium-long period of time. 
Hypothetically, benefits of this system could be reducing the amount of fertilizers being used, 
therefore saving the farmers money; significantly reduced amounts of these nutrients running 
off into water bodies, thus also decreasing environmental harm and pollution in water bodies; 
as well as limiting the use of phosphorus in front of the natural scarcity (and possible peak in 
production) of this resource (Cordell 2010). 
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However, it is not well studied how controlled drainage affects the P and N dynamics in soil 
over short periods of time, specifically, this project looks at a significantly shorter period of 4 
days (the relevance of such short implementations of CoD will be explained in the next section). 
This study will thus focus on these short-term saturation effects by trying to simulate CoD as 
realistically as possible to actual agricultural soil and drainage conditions. The chemical state 
of these nutrients will be taken into consideration as the dynamics of P and N mineralization 
may be altered unexpectedly and so possibly causing losses in the soil.   
 
1.3 IVOSE and climate change adaptation in Denmark 
More and more cases of extreme rain caused by climate change is causing flooding in lowlying 
areas all over Denmark. Effort is therefore being put into optimizing the flow of already existing 
sewage and drainage systems. This has the goal of using the capacity that is already present 
more efficiently, to reduce the risk of both human and material damage. (Intelligent varsling og 
styring af ekstremregn, 2014). 
Intelligent varsling og styring af ekstremregn (IVOSE), is proposing a technique that includes 
an intelligent warning and restraining system, with the purpose of using the field drainages as 
retarding basins, holding back the water in the fields in cases of extreme rain. This system is 
still in the experimental phase in the Solrød kommune but the final goal of the studies going on 
in the Skensved Å catchment, where the controlled drainage is currently implemented, is to get 
the controlled drainage system proposed by IVOSE installed in fields throughout the country. 
The reason for the focus on short term saturation is because IVOSE and general knowledge on 
plants determine that 4 days is the maximum amount of time a field can stay completely 
saturated without causing harm to the crops (Graversgaard 2012). 
However, it is vital to know any effects that short term saturation could have on nutrient loss 
from the soil in order to know whether this way of adapting to the changing climate does not 
create new environmental issues while solving others. 
With all the advantages of controlling the movement of the shallow groundwater during 
extreme rain, if short term saturation of the soil from the use of CoD were to provoke higher 
losses of nutrients from the soil than conventional drainage, the cost of additional fertilizers, 
the risk of affected yields and the negative effects on the environment could very well outweigh 
the benefits. 
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Should no increased losses be detected, however, IVOSE would grow all that stronger with the 
knowledge that there is no trade between two negative outcomes, but a safe way to adapt to 
the reality of changing climate making use of a versatile new tool in agriculture. 
 
 
2. Problem formulation 
This project seeks to answer the following Problem Formulation: 
 
 What effect does saturation with water for a short period of time have on P and N losses 
from plough layer soil under simulated storm conditions, corresponding to the use of 
Controlled Drainage as a climate change adaptation technique? 
 
This Problem Formulation will be addressed through investigating and answering a central 
working question, which together with our knowledge of P and N cycles will allow us to paint a 
general picture of how the nutrient dynamics in the soil is affected by short-term water 
saturation resulting from the use of (or lack of) Controlled Drainage. Due to it being a new 
experiment, it is important to outline the capabilities and limitations of the mass balance 
analysis that can be made from it, which motivate an extra question. 
These working questions can be formulated as follows: 
 
 What effect does saturation with water for a short time (4 days) have on the amount 
(concentration) of the different species of P and N nutrients that are lost from the soil to 
drainage water in comparison with unobstructed movement of water through the soil? 
 
 What are the important a priori and a posteriori considerations necessary for obtaining 
optimal result in this experiment? 
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3. Theoretical background 
 
3.1 The chemistry of soil nutrients 
Of all compounds and elements present in the soil, phosphorus (P) and nitrogen (N) are among 
the most important. Both of these elements are used in the essential molecules of any living 
organism: phosphorus is present in the phospholipids of cell membranes and the energetic 
currency inside the cell, the ATP molecule. Nitrogen is a key element in the building blocks of 
proteins and enzymes, the amino acids, and both P and N take part in the composition of the 
DNA molecule itself.  
In soil, optimal levels of both P and N are essential for proper plant growth and in agriculture 
they determine the yield and quality of harvest to a great extent. (Pierzynski, 2005) 
Often, the availability of P or N is not actually limited by the absence or presence of these 
elements in the composition of the soil, but to the chemical form they take. 
 
Thus, even a seemingly infertile soil may contain large amounts of P and N in forms that are 
unavailable for plants, the rate at which these substances are naturally transformed into usable 
phosphates and nitrates being much slower than the rate at which they are taken up by crops 
and removed with the harvest. 
The way this deficiency is solved most of the times, however, is by adding even more nitrogen 
and phosphorus in soluble forms via fertilizers, expecting that what is left after immobilization 
will be enough for the desired growth of the crops. 
 
The problem with this practice is that an important portion of the added soluble P and N will 
actually be removed from the soil by water percolating through it. This water, along with the 
dissolved nutrients it carries, inevitably ends up in a freshwater body or the sea and when 
excess nutrients arrive at an aquatic ecosystem, the natural balance is disrupted. These 
nutrients quite literally feed the readier species in the ecosystem too well, and their populations 
explode to the detriment of all other species that share the water body. This phenomenon is 
called eutrophication, and is explained in 3.4. 
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3.2 Nitrogen, N 
 
Most (>95%) of the nitrogen in the solid phase of the soil can be found as part of amino acids 
and other organic molecules, a form that is mostly not accessible for plants to uptake or use 
(0.3-1.5% of net organic N is actually soluble and can be used by plants). (Pierzynski, 2005 
p.150-151) 
The rest corresponds to inorganic forms of nitrogen, predominantly ammonia and nitrate. Of 
these two, nitrate is by far the most soluble and mobile, and makes up the main form of N that 
is used by plants, since ammonia easily turns into the positively charged ammonium ion and 
adsorbs to the negative charges of clay and organic colloid particles. 
 
It is through the activities of living organisms (essentially plants and microorganisms) that 
nitrogen can change from one chemical form to another. The breakdown of organic molecules 
and creation of inorganic N compounds is termed mineralization, and can be summarized in the 
following equations: 
 
𝑂𝑟𝑔𝑎𝑛𝑖𝑐 N → 𝐴𝑚𝑖𝑛𝑜 − N(R − NH2) + CO2 + 𝑒𝑛𝑒𝑟𝑔𝑦 
 
𝐴𝑚𝑖𝑛𝑜 − N → NH3 + H2O → NH4
+ +  OH− 
 
From ammonium-N the nitrogen can further be transformed by nitrifying organisms (like 
members of the ‘Nitro-’ genera) into nitrate, as shown in the following equation: 
 
NH4 +  + 1.5O2 →  NO2 −  + 2H +  + H2O (Ågren 2012) 
 
Denitrifying organisms can then further reduce nitrate ions into nitric, nitrous and nitrogen 
gases, where the N finally escapes the soil. (Ågren 2012) 
Thus, the dynamics of nitrogen in the soil depend heavily on its biodiversity, and the conditions 
that affect it. 
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3.3 Phosphorus, P 
 
Elemental phosphorus is not found in nature due to its high reactivity, instead, it is always found 
as a compound, commonly involving the phosphate ion. 
 
 
The fate of phosphorus and phosphate is governed mostly by soil chemistry instead of 
biological processes. Either from anthropogenic sources or from the slow degradation of 
naturally occurring phosphate minerals (mostly apatites), phosphate ions and phosphoric acid 
ampholytes (PO43-, HPO42- and H2PO4-, also called orthophosphates or Ortho-P) are dissolved 
into the liquid phase of the soil. This process occurs faster with decreasing pH and increasing 
temperature and rainfall. 
This form is soluble in water and can be absorbed and utilized by plants and other organisms, 
which then incorporate P into their cellular structure.  
 
Phosphorus as part of organic molecules that joins the humic content of the soil comes from 
dead organisms, animal excretions and plant debris. This organic form of phosphorus is called 
immobile phosphorus as it is very insoluble in water and cannot be directly used by plants, and 
corresponds to 30 to 50% of all P in mineral soils and 60 to 90% in organic soils. 
From this form, mineralization of P can occur, mainly through oxidation of the organic 
molecules by aerobic microorganisms, and freed again in the form of orthophosphates making 
it usable for plants once more. 
Free phosphate can then be precipitated by different metals in the soil into insoluble ferrous-
iron, aluminum and calcium phosphates. 
Fig 2.1 Life cycle of phosphorus, P (Busman et al. 2009) 
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Most of the inorganic phosphorus in the soil is found in this form, insoluble iron and aluminum 
salts that can be solubilized only very slowly under normal soil conditions (in alkaline soils 
calcium phosphates predominate, which also possess very low solubility). 
(Pierzynski 2005) (Ågren 2012) 
 
 
3.4 Eutrophication 
Eutrophication can be understood as harmful excessive plant and algal growth due to a sudden 
increase in the availability of limiting factors for photosynthesis, such as nutrients. The best 
photosynthetic competitors in an aquatic environment are usually algae and phytoplankton. 
Eutrophic conditions in a lake or the sea lead to explosive reproduction of these organisms, or 
blooming. These blooms can be so extensive, that they block all sunlight at the surface, causing 
the death of photosynthetic organisms below. This death of oxygen-producing life and the 
oxygen-consuming decay of their remains causes the oxygen levels in the entire area to 
plummet, in turn provoking the death of consumer organisms, which provides more dead 
material for saprophytes to feed on, consuming more oxygen and closing a destructive feedback 
loop. (Ågren 2012) 
 
Nutrients such as P and N from fertilizers running through surface water into water bodies such 
as lakes, streams and rivers have shown to cause eutrophication. These nutrients can come 
directly from the fields, if the farmers are not able to stop the water flow from groundwater 
under the fields to the lakes and other near lying water areas (see figure 2.2).  
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The economic cost due to nutrient losses in soil is not its only consequence, as eutrophication 
has a large effect on the environment over time if not prevented. Even though eutrophication is 
not the focus of this project, it serves as an extra motivation to investigate the effect of nutrient 
loss. 
 
3.5 Soil water 
Field drainage systems are designed to alter the field’s hydrologic behavior (water balance) by 
removing excess water from easily waterlogged soils. To understand why and how this is 
achieved it is important to have some knowledge about soil water.  
The soil bulk volume consists of both solids and pore space (Figure 2.3). The proportion of these 
two types depends on soil’s texture and structure-, however, it ordinarily varies between 35 
and 65% of the total volume. 
Water normally occupies at least some of this pore space, unless the soil is extraordinarily dry, 
the proportion between air- and water-filled pore space depending on the local abundance of 
either. 
 
 
Fig 2.2 The eutrophication process (World Resources Institute n.d.) 
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Strong adsorptive forces hold water in the drier soils as a “film” surrounding the soil particles, 
and as more water comes in contact with it, it fills and is also held in the soil pores by weaker 
capillary forces. (Figure 2.4) When the soil reaches a level where it is impossible for capillary 
forces to hold more water, the soil reaches the state called “field capacity”. Again the field 
capacity depends on the different soils texture, but ordinarily it ranges from 15 to 45% by 
volume. Any extra water that makes it into the soil passed field capacity will not be held in it, 
but instead will drip or filter freely away from it. 
When the soil begins to dry out, increasingly stronger forces hold the water still allocated in the 
pores, until a state called “wilting point” is reached, where water is held so tightly in the soil by 
capillary forces that plants can no longer extract any water from the soil, hence start to 
wilt.  (Sands 2001) 
 
 
Fig 2.3 Soil bulk volume (Brady & Weil 2008) 
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 The field constantly changes its moisture content throughout the soil profile, thus after a rain 
it is expected to look like (top diagram in) Figure 2.5 -saturated- from where water will filter 
downwards due to the effect of gravity until field capacity is reached again. From there, plant 
uptake, diffusion into dry areas or evaporation may continue to remove water from the soil 
until the next precipitation replenishes its water content. 
At (and beyond) a certain depth, the soil is always saturated. This water is termed groundwater, 
and its upper boundary is called the water table. The soil furthest from the water table - near 
the soil surface - is the drier soil and the soil closest to the water table is wetter.  Put in another 
way, as one moves up from the water table, the soil pores contain proportionally less water.  
 
 
 
 
Fig 2.4 Soil water held by capillary and 
absorptive forces. (Sands 2001) 
 
 
Fig 2.5 Soil moisture variation between the 
water table. (Sands 2001) 
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The water table’s position depends on how well the soil drains, so poorly drained soils may 
have a water table form very near the soil surface.  In lack of additional rainfall, infiltration and 
evapotranspiration (soil evaporation + plant transpiration) will cause the soil to begin to dry 
out, and with that, the proportion of air-filled pores will increase, effectively lowering the water 
table. In the opposite situation, where the input of water is greater than both filtration and 
evapotranspiration, the water table would rise, decreasing the portion of air-filled pores and 
affecting plant growth due to lack of proper aeration. (Sands 2001) 
 
The amount of drainable water in the soil depends on the amount of drainable porosity, which 
is the percentage of air-filled pores present when the soil has drained to field capacity. As seen 
in Table 2.1 the sands or coarser-textured soils (the less dense soils) have large drainable 
porosities, whereas the denser soils, such as clays, have smaller drainable porosities. This 
roughly translates to: for an equal amount of water drained, the sandier soil will show a larger 
water table drop than a soil with a higher clay content. 
 
 
 
This affects also the capacity of the soil to drain. The smaller particles of clay-rich soils offer 
much more pore space than coarse sandy soils, but the strong capillary forces that act in the 
small spaces between clay particles trap so much water that there is little extra space for more, 
Soil texture 
Field capacity (% by 
vol.) 
Wilting point (% by 
vol.) 
Drainable porosity (% 
by vol.) 
clays, clay loams, silty 
clays 
30-50% 15-24% 3-11% 
well structured loams 20-30% 8-17% 10-15% 
sandy 10-30% 3-10% 18-35% 
Table 2.1 Drainable porosity influenced by soil texture and structure. (Sands 2001) 
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at the same time as the downwards movement of water beyond field capacity happens much 
slower, making such a soil much more prone to waterlogging. 
 
3.6 The specifics of Controlled Drainage 
A field drainage system is a layer of drains underneath the surface of agricultural soil, where 
the specific layout of the drains may actually differ, that serves to direct the water away from 
the field. The drains are typically located between 0.80-1.5 meters under the soil surface. The 
distance between the drainpipes is kept under certain limits, in order to enable even 
distribution of water. The bottom of the outlet is built above normal water level in a receiving 
ditch or waterway, though in some systems, active pumping is required to create an adequate 
outlet. (Wright 2014) (Stjernholm 2011) 
Controlled drainage systems make it possible for the farmer to control the groundwater level 
during storms or periods of heavy rain, which can result in retardation or total prevention of 
waterlogging in lower located areas within the field. Agricultural drainage improvement can 
also help reduce the variability in crop yield, by promoting better root growth and plant health, 
and therefore helping reduce the costs associated with the production of large quantities and 
high quality crop food. (Figure 2.6) (Busman & Sands 2002) 
 
 
 
Fig 2.6 Plant health with and without drainage system. 
(Busman & Sands 2002) 
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A controlled drainage system compared to a conventional drainage system allows the water 
table to be artificially set at the level needed between the ground surface and the pipe drainage 
level, allowing the farmer to decide the amount of water being extracted from the root zone. 
(Figure 2.7) When the height of the stored water can be manipulated to optimize the 
groundwater level, the rainwater can be used in crop production; hence, it is possible to store 
the rainwater for the dry seasons.  Removal of excess water lowers the water table and enables 
aeration (increase of oxygen saturation) of the soil to occur, allowing the soil to dry and warm 
faster permitting favorable conditions for seedbed preparation, planting, harvesting and other 
field activities. (Tanji & Kielen 2002). In periods of heavy rain, the drainage system can be 
opened to prevent flooding of the fields, or to make it possible for heavy vehicles to move on 
the field with reduced soil compaction. (Stjernholm 2011) 
 
 
 
There are two main reasons a drainage system would be installed in the fields; the first is that 
the groundwater level can be too high with respect to the terrain, this happens especially in 
 
Fig 2.7 Conventional drainage versus Controlled drainage model. (Tanji & Kielen 
2002) 
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lower lying fields. Secondly, the water table can sink too slowly after rain, this tends to happen 
in some of the more clayey soils.  
 
Controlled drainage systems have been shown to affect nutrient losses, surface runoff and 
sediment losses – which affects the movement of phosphorus and organic nitrogen and 
pollutants attached to sediments,  as well as the total annual outflow of water from drained 
fields and in peak outflow rates when compared with natural, undeveloped conditions. 
In many areas there are exceptions for which the surface runoff may not be reduced under a 
storm, this depends on the frequency, intensity, and duration of the actual storm at hand, the 
soil texture, and antecedent soil moisture conditions. However, these exceptions are not taken 
into consideration in this project’s experiments.  
 
The water balance, when applied in a crop/soil system, describes the fate of precipitation (e.g. 
rainfall, snowmelt and irrigation) and the various components of water flow in and around the 
soil profile. In a system with good natural drainage, precipitation (P) is the major water input, 
affecting surface runoff water (R), crop evapotranspiration (ET), deep percolation (DP), and 
changes in soil water storage (S). This is without taking into consideration that water can in 
some cases enter the soil from adjacent areas by horizontal flow. (Figure 2.8)  
 
P=R+ET+DP+S 
 
The water balance demonstrates that the amount of deep percolation depends on the extent to 
which the precipitation input to the soil is reduced by R, ET, and S. Therefore, there is nothing 
to stop the water table from rising during heavy rain, hence the crop starts to wilt. 
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When an artificial drainage system is introduced, the drainage flow (D) becomes a major 
component of the water leaving the system. The quantity of drainage flow is driven by 
precipitation and the relative proportion of the other components of the water balance. (Figure 
2.9) The water balance equation is now: 
 
P = R + ET + DP + S + D 
 
 
 
Fig 2.8 Components of the soil water 
balance with good natural drainage (Sands 
2001) 
 
 
Fig 2.9 Components of the soil water balance 
with artificial drainage (Sands 2001) 
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After draining in a controlled drainage system, the soil has more pore volume available for 
water infiltration during the next rain, due to the larger volume of empty pores. More 
infiltration and less runoff may occur with an artificially drained soil compared to a poorly 
drained soil, depending on the nature and timing of the next rain. (Sands 2001) 
 
3.7 Climate change in Denmark 
Climate change is no longer a future scenario, but is a serious and undeniable issue that needs 
a large amount of attention. In a small country such as Denmark, climate change has led to a 
significant rise in average annual precipitation, and because Denmark is a very low lying 
country, with more than 7000 kilometers of shoreline, this has resulted in billions of DKK worth 
of damages due to flooding, and meteorologists predict that this trend will continue. 
Since the Danish Meteorological Institute (DMI) started keeping systematical records of annual 
precipitation in 1874, the amount of downpour per year has steadily been rising, and today the 
average annual precipitation is around 750mm per year, compared to 650mm in 1874 
(Pierzynski, 2005). In cooperation with The Danish Coastal Authority (TDCA) DMI is also 
monitoring the water level of the sea, global seas as well as Danish, and since they started 
measuring this by satellite in 1997, the water level has risen by an average of 3mm globally. 
(Ågren, 2012) Naturstyrelsen has also predicted that before 2050, the average annual 
temperature will have risen by 1.2ᵒ Celsius and the annual precipitation by 7% or 53mm 
(Graversgaard, 2012). 
Not only is the amount of rainfall per year increasing, but it is becoming increasingly 
concentrated in the months ranging from September to March, where the daily precipitation 
seems to be rising, whereas the daily precipitation from April to August is virtually the same 
(Sonnenborg, Christensen, Henriksen, van Roosmalen, October 2006). This means more rain in 
more concentrated periods of time. bearing much higher risk of flooding’s.  
Because of  this, and because of EU’s Flood Directive, the Danish government has named 10 
zones (Figure 2.10) especially at risk throughout Denmark, according to the Flood Directive’s 
guidelines, which establish that to be considered a risk zone, the location must be in such a 
condition that if flooded, massive damage will be caused to the surroundings, placing humans 
at risk, but excluding areas where flooding originates in urban sewage systems. 
(Miljøministeriet, Naturstyrelsen, og Transportministeriet, Kystdirektoratet, page 5-7) 
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3.8 The use of drainage systems in Denmark 
In Denmark today about 1.4 million hectares have a drainage system, this is the same as about 
50 % of the total amount of agricultural fields in Denmark. That represents about 40 % of the 
fields in Jylland and 80 % of the fields in Zealand. (Olesen 2009) 
The drainage systems in 50% of the agricultural fields are old measures to prevent the rise of 
the water table in the rainier seasons in Denmark. 
 
Fig 2.10 These ten points have been picked because of their close contact with water, rivers as 
well as the sea, and because of them being relatively low lying locations. (Endelig udpegning af 
risikoområder for oversvømmelse fra vandløb, søer, havet og fjorde, 2011 page 7) 
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As explained in 2.5 Soil Water, the water table’s position depends on the soils ability to let water 
run through and the input of rainwater. In a large number of places, conventional drainage 
systems were an attempted solution for fields placed on soils where these two parameters 
allowed the water table  to constantly rise too high (close to the soil surface), and where the 
addition of drain would help the water table fall in spite of the soil’s poor natural drainage.   
This widespread existence of CD in Denmark  is one of the advantages seen by different 
proposers of CoD, among them at IVOSE, in that most of the infrastructure necessary for 
Controlled Drainage is already built in fields that are prone to waterlogging, and a relatively 
simple installation of control structures could turn an outdated and mostly counterproductive 
measure into a much more versatile agricultural instrument. 
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4. Methodology 
 
The central purpose of this project is to measure the concentrations of phosphorus and 
nitrogen in soil before and after a laboratory-simulated storm, as well as their presence and 
concentration in the water that runs through them. 
This is done with the intention of determining the effect on P and N losses from the topsoil as a 
result of the implementation of controlled drainage systems in comparison to conventional 
drainage systems. To that end, it is necessary to establish conditions for the experiment that 
allow control over the processes that provoke such losses and chemical changes, while 
remaining within realistic distance from natural conditions, so as not to undermine the 
applicability of the results. 
 
4.1 Planning 
Measuring changes in the chemical composition of the soil is at best a very complicated matter 
due to the inherent characteristics of soils: they are heterogeneous media made up of a huge 
variety of chemical species and are home to abundant microbial, plant, and animal life, which 
means they are also in constant change and react strongly to environmental changes. 
As explained previously in the Theoretical Background, phosphorus and nitrogen find 
themselves in the soil as compounds and parts of larger molecules, embedded in complicated 
cycles that depend both on the soil’s chemical properties, such as pH and reductive-oxidative 
conditions, as well as on the effect on living organisms in the soil. These cycles do not stop the 
moment one removes the soil from the field, neither do the complex interactions between the 
different elements of the soil cease to take effect. 
Thus, thorough considerations about the interaction between different biotic and abiotic 
components of the soil have to be made before measuring this or that property of a soil sample, 
lest the significance of any findings be obscured by a complete ignorance of what brought them 
there. 
 
The main force to consider when involving measurements in soil is the soil’s great 
heterogeneity, which results in increased dispersion of any test results obtained. This is 
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especially important if the focus is in changes of soil components, since spatial variability may 
often cause two simultaneous samples taken as little as centimeters apart in seemingly well-
mixed soil to differ more from each other than from the counterparts against which one intends 
to measure a difference. This is a challenge that must be overcome with great care in the 
laboratory, minimizing as much as possible any systematic error in the procedures used, and 
with sheer statistical strength; by performing as many repetitions as possible and extracting as 
large a population of samples as resources allow, to allow for a statistical treatment that bears 
mean values with low uncertainties which then can be used in the necessary calculations. 
On the same page as spatial variability is temporal variability. As mentioned before, microbial 
activity, changes in temperature, moisture exchange with the atmosphere, exposure to light or 
the simple presence of air all have an effect on the components of the soil, particularly so on 
nutrients (Stevenson 1986). Thus, the minute a soil sample is extracted from the experiment, 
the clock starts ticking before it is too far changed by just laying around to be useful in 
measuring the effects of the experiment. 
This is overcome mainly by procuring not to waste time, and by keeping all samples frozen 
whenever there is a need to wait for more than a few hours to work with them. 
 
These two aspects also act on a larger scale, namely, soil properties vary geographically and 
throughout the year. This must be kept in mind when deciding upon the source of raw materials 
to be used for this experiment, in particular the soil. 
At the time of this experiment, IVOSE found itself in the field-testing stage, having built CoD 
systems in a few selected fields located within the catchment of Skensved Å river to test their 
effects on soil hydrology and nutrient loss on a real-life scale. 
Thus it was deemed best to use soil from one of these locations to make it easier to relate this 
project’s findings to the building knowledge base of IVOSE. 
With this decision came along the matter of the additives applied to the soil by the farmers, 
since these additives change not only the total amount of nutrients in the soil, but also the 
balance between their different chemical forms. 
Four different possible situations were initially considered: 
 
 Agricultural soil without added fertilizers 
 Added biogas digestate from sewage sludge 
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 Added biogas digestate from livestock manure 
 Added commercial mineral fertilizers. 
 
With Denmark’s ambitious plans for achieving complete CO2 neutrality by 2050, large projects 
involving the reuse of biogas digestate from livestock manure and field refuse mixes are being 
planned to supply both some of the country’s energetic demands as well as the need for field 
amendment in agriculture (Miljøministeriet 2013). 
This would make comparing results from this project’s experiment applied to both unfertilized 
soil and soil supplemented with such biogas digestate an exciting opportunity to link a novel 
climate change adaptation technique such as the one proposed by IVOSE with a likely change 
in the main source of fertilizer for agriculture in the future. 
Performing this project like that would, however, require samples of completely clean 
agricultural soil, a very unlikely thing to find in the field, as agricultural soil is practically never 
left unfertilized while still in use. 
Thus, it so happened that the soil accessible for this project had indeed already been amended 
with commercial mineral nitrogenous and phosphatic fertilizers by the time of collection, as the 
farmer in charge of the field prepared for the spring and the sowing of his crops. 
A good example of the complicated galaxy of parameters that affect the composition of soil, the 
unstoppable coming of Spring determined that this project’s experiment be performed on one 
kind of soil only, soil containing large amounts of soluble P and N from mineral fertilizers. 
As important as the amount and form in which nutrients are present in the soil is the presence 
or absence of air. This is not only a factor that affects biological activity but also determines the 
height of the redox border in the soil: the imaginary line above which the soil experiences 
oxidative conditions and below which they’re reductive. 
This is also a central point of this project, since the fundamental difference that CoD can have 
in nutrient loss stems from the prolonged lack of air caused by saturation of the soil with 
rainwater. 
 
According to research performed in wetlands reclaimed from agriculture in recent years 
(Grunth 2008), large amounts of soil phosphorus that has been immobilized in the form of 
insoluble ferric phosphate minerals can be liberated again when the soil is deprived of oxygen 
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for as little as seven days, due to the reduction of ferric iron into ferrous iron, which is incapable 
of holding phosphate fixed.  
Similarly, denitrification is largely carried out by facultative anaerobes that will perform 
respiration using oxygen as an electron acceptor whenever possible, but that will switch to 
converting nitrate to atmospheric nitrogen when put in an oxygen-poor environment; at the 
same time, bacteria obtain the large amounts of energy required for N2 fixation through 
photosynthesis or the aerobic breakdown of organic soil material, both requiring air. Both 
changes in microbial activity are subject to lag, as the microorganisms adapt to a change in their 
environment, retarding their activity by hours to days (Stevenson 1986). 
On the other hand, the maximum planned amount of time for the IVOSE CoD systems to keep 
the water table risen is 4 days (Graversgaard 2012), and in the studies available on long-term 
CoD implementation saturation is held for several months over the winter (Wesström 2003). 
 
As tempting as it was to make this project an extensive investigation with a wide spectrum of 
saturation times (0, 2, 4, 8, 15 and 30 days, for example) to get a clearer picture of the role 
played by time in the changes brought forth by the rising of the water table in soil, the time- 
and space-extensive nature of such an experiment, where many repetitions are required to 
counter the soil’s natural heterogeneity, greatly surpasses the resources available for this 
project; both in manpower, space and time. 
Thus, and having in mind that the relevance of short-term CoD and nutrient loss comes from 
IVOSE’s climate change adaptation proposal, it was decided to test with 0 and 4 days of 
saturation, corresponding respectively to conventional drainage and the maximum length of 
saturation with CoD under a storm situation. 
 
Regarding the different chemical forms of N and P in soil, a first approach was to test following 
the three basic categories they can be grouped in: 
 
 Mineral  N and P 
 Organic  N and P 
 Total  N and P 
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The resources available for testing included ion chromatography, CHN analysis, 
spectrophotometry and flow injection analysis (also called Lachat) . 
 
However, this proved an unsatisfactory approach, since within the mineral forms of both P and 
N there are two essentially different groups: plant available (or mobile) and fixed (or immobile) 
species. 
Thus, immobile mineral forms of either nitrogen or phosphorus belong together with their 
organic counterparts much more than with the other mobile mineral forms, in that they cannot 
be taken up by plants and their transport is very limited due to their very low or nonexistent 
solubility in water. 
On top of that, some forms of both mineral P and N showed to be incompatible with available 
testing methods; particularly immobile ferric phosphates and ammonium. 
The great inconvenience with ferric phosphate minerals it that they need to first be dissociated 
into soluble ortho-phosphate before their concentration can be measured through ion 
chromatography or spectrophotometry. This, however, would require acidifying the sample 
with large amounts of a strong acid (sulfuric acid, for example), making it very difficult to work 
with and prohibiting its analysis through ion chromatography. 
As to the ammonium in the soil, the challenge comes from ammonia being a gas, and CHN 
analysis (used for measuring total nitrogen) requiring dry samples. The ammonium entirely 
leaves the soil sample during drying and the “total N” measurement is indeed only partial, 
containing only the organic and nitric species of nitrogen originally in the sample. 
Furthermore, ammonium in soil cannot be extracted into water for testing without a 
deflocculant agent due to it’s strong attachment to soil particles, an effect of the interaction 
between the ion’s positive charge and the superficial negative charge of clay and humic 
particles. The presence of such deflocculant (usually potassium chloride) in the extracted 
solution is unfortunately very likely to blind ion chromatography tests from the ions intended 
to be measured. 
 
After careful consideration of the possibilities and impossibilities and the amount of time that 
would be spent by dividing the testing among too many different methods, it was instead 
decided to test for fewer key species that, while they do not paint a whole picture of all the 
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processes set in motion by the experiment, allow for knowing the fate of the most important 
components of soil P and N. 
Therefore, the tests were limited to: 
 
 “Total N” (knowing that it does not include ammonium) in soil samples taken before and 
after the experiment, tested through CHN analysis. 
 Plant-available N (nitrate and ammonium) and ortho-P in the drain water collected after 
the experiment and tested through ion chromatography. 
 
Having chosen the course to follow in the experimental procedure and the set of measurements 
to make, a few practical considerations remained:  
 
 Extent of the soil profile to use in the experiment 
 Treatment of all materials to avoid disturbances in the experiment 
o Control of sampling 
 
In reality, both chemical and biological processes happen along the entire profile of the soil, 
which reach down to several meters below the surface in some soil types, and a good deal of 
plant growth as well as nutrient and water movement take place in the first meter (plus or 
minus a few tens of centimeters, according to different conventions) of the soil profile, an area 
appropriately named the root-zone. 
However, extracting, transporting and placing whole root-zone soil cores from the field was 
quickly understood as an impossible task. 
Furthermore, adding the effects of E, B and C horizons to the already complex system of 
interactions between nutrients and the topsoil would have introduced a myriad of unknowns 
in an already complicated problem, entirely obscuring the view of the experiment. The 
unpredictable presence of free iron, aluminium or calcium minerals in the less organic 
undersoil, changes in soil texture and increase or decrease the soil’s clay content, cracks and 
crevices in the soil’s structure; all would play in detriment of this project’s ability to describe 
the fate of the nutrients at the top after their interaction with rain. 
Thus, it was decided that the most convenient way of performing this experiment was to limit 
it to the plough layer; the highly organic upper layer of agricultural soil, commonly spanning 
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the uppermost 20-30 centimeters. The plough layer where most of the roots of plants and crops 
are found, since that is the place where the cultivator can intentionally enhance the availability 
of nutrients, water and air by mechanically loosening the structure of soil and mixing organic 
and inorganic amendments into it, and as such, it is also the place where most of all the 
important processes involving soil life and nutrients take place. 
Furthermore, thanks to the uniformity of agricultural practices in the country and the Western 
world, the texture, depth and chemical constitutions of the plough layers of different fields 
resemble each other much more than their corresponding, less directly affected subsoils. 
(Brady & Weil 2008) 
However, this choice carries with it one complication: in the field, the subsoil acts as a regulator 
for the flow of water downwards (and eventually into the drains), its absence creates a 
completely unrealistic scenario where the plough layer, with its loose texture and ample pore 
space, is in direct contact with the drain’s intake. In the light of this, it was determined to use a 
layer of beach sand under the experiment’s layer of soil as a buffer (taken from the outwash of 
Skensved Å into the Køge bay, located at 55°30'26.3"N 12°12'42.3"E, to avoid the risk of 
involving chemicals foreign to the area of study). 
This sand layer is important to limit the rate of flow of water from the lower edge of the plow 
layer, keeping it within realistic boundaries, thus avoiding disturbances caused by mass 
displacement of soil particles.  In other words, its used to slow down the water flow through 
the soil to prevent washing of the soil itself out of the units. 
 
Beach sand, as it is found in the coasts of Denmark is mostly made of tiny silicon dioxide rocks, 
which are fairly unreactive to soil macronutrients. However, along with the main quartz 
component of any beach sand, there is a number of other elements that can indeed disturb the 
experiment, mainly by interacting with phosphate. Such is the case of aluminium and ferric iron 
salts, as well as the Ca2+ from crushed sea shells, which can bind to phosphate and immobilize 
it. 
To eliminate this problem, all sand to be used in the experiment should be submerged in a 
strong HCl solution to solubilize any undesired compounds, and then washed thoroughly with 
deionized water.  
The thickness of the sand must then be gauged to approximate the hydrological properties of 
the real subsoil in the root zone of an actual field, measured previous to the experiment against 
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a soil core taken in the target field. This is to make sure that percolation rates resemble those 
of an actual soil not to deviate the results, neither letting water flow too fast or too slow. 
 
Finally, it is worth considering that by using soil contained in limited-size tubes, one further 
source of error is created due to the effect of water flowing along the walls of the tube with 
minimum interaction with the soil. This error is reduced, however, by using tubes of a larger 
radius, since perimeter length (which determines the amount of edge flow) increases linearly 
with diameter while the column’s area (responsible for the real interaction between water and 
soil) increases quadratically (Riffiths, Jones & Walters 1968). 
In this experiment, tubes of 21-22cm in diameter will be used, having a transverse area of 
352.98 cm2 and keeping a diameter of 60.6 cm, hopefully large enough to counter the effects of 
edge flow. 
 
4.2 Experimental method 
This experiment consisted fundamentally of two runs, meaning two consecutive experiments, 
one made with an open drain, or what from now on will be called 0-days of saturation, or 0-day; 
and one where water is kept from running out for 4 days before draining, which from now on 
will be referred to as 4-days of saturation, or 4-day. 
Each run consisted of six experimental units in the shape of individual topsoil-sand columns 
encased in PVC piping as illustrated by Figure 4.1.  
In the time of the year this experiment was performed (Spring) the soil gathered from the 
chosen field had been sprayed with 84kg/ha N-fertilizer and 180 kg/ha of 3% P-fertilizer, 
adding greatly to the concentration of all plant-available nutrients in our experimental units. 
Due to this, special attention was put to mixing and shuffling the collected soil prior to the units’ 
set-up in order to homogenize it as much as possible. This mixing was done by hand in six 
separate plastic containers, destroying all soil structure and removing all animals and larger 
plant debris, then switching half of the volume in each container with another one and mixing 
again. This was done four times before the soil was loaded into the PVC columns on top of the 
simulated sand subsoil. 
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To simulate this subsoil, a 8-10 cm thick layer of beach sand (predominantly quartz rocks 
between 200um and 2mm in size) was placed in the bottom of the column. This sand had 
previously been soaked for 24hr in 0.1M HCl (approx. pH 1) solution and then washed with 
deionized water until neutrality was reached. This was done to remove calcium carbonates and 
metal cations (particularly Fe2+, Fe3+, Ca2+ and Al3+) that could otherwise interfere with the 
movement of nutrients in the percolating water, especially phosphorus. 
 
Within the drain outlet a bit of fiberglass cotton was placed in order to stop any soil or sand 
from running out into the collection tanks. 
 
 
 
 
Fig 4.1 Diagram of a filled soil column as it was  placed for a storm simulation. 
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These constructed soil columns were then subjected to wetting (deionized water was used, 
since both tap and rain water contain small amounts of nitrates, phosphates and ammonia) by 
drip, in amounts and flow simulating a strong storm of 100mm of rain divided in equal pulses 
every half-hour for 8 hours, the flow during the pulse not exceeding 0.37L/min. 
This wetting makes up the main axis in the experiment, being the simulation of a heavy 
rainstorm, such as would necessitate the intervention of controlled drainage to help prevent 
flooding further down the catchment. The storm simulation and saturation periods were 
carried out in a thermostatic room set at 15ᵒ Celsius, which corresponds closely to the 24-hour 
average temperature in the Danish late summer, the start of the second rainy season in 
Denmark. 
 
Two samples were taken from the soil of each unit before and after the simulated storm, with 
the intention of observing consistent differences between the before and after measurements, 
henceforth called losses; for both the 0-day run and the 4-day run, so that the difference between 
the 0-day and the 4-day losses can illuminate the change in soil chemistry caused by 
intentionally flooding agricultural soil for short periods of time, namely up to 4 days before 
opening the drainage again. 
 
This analysis was completed by tests performed on the water that ran out from the units after 
the storm simulation, which was collected in polypropylene tubs after opening the drains for 
24 hours. These tests will measure the amounts of nutrient run-off caused by the percolation of 
water, both in the 0-days and 4-days configurations. 
 
All samples, both soil and run-off water, were placed in a freezer at -18C for preservation until 
24 hrs. before they were taken for testing, at which point they were placed in a refrigerator at 
5C to thaw without allowing them to reach room temperature. 
 
Once thawed, a small (ca. 1g) portion was taken apart from each sample and set to dry at 105C 
overnight and later crushed into fine dust in a mortar, to be later taken to a CHN analyzer to 
measure total-N content. It is important to notice, however, this measurement does not 
correspond to the real total nitrogen contained in the fresh sample, since a portion of it was 
found in the shape of ammonium and, as mentioned before, this species escapes as ammonia 
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gas during the drying process. However, for the sake of convention CHN measurements will 
continue to be called Total-N. 
Collected drain water samples, or run-off, were then directly tested for NH4+, NO3- and ortho-P 
through ion chromatography. 
 
The distribution of these tests, in terms of sample-taking and laboratory technique 
implemented is shown in Table 4.1. 
 
 
 
 
 
 
 
 
 
Laboratory tests plan 
per run 
Species 
measured 
Before-
storm tests 
After-storm tests  
Testing technique 
(machine) 
 
Tests per 
unit 
Tests per unit 
Total per run. 
(Before and After 
tests x6 units) 
CHN (on soil) 
Total-N (minus 
NH4+) 
2 2 24 
Ion Chromatography 
(on run-off water) 
NH4+, NO3- and 
ortho-P 
- 1 6 
   Total tests per run 30 
   
Total for both 0-
day and 4-day 
runs 
60 
Table 4.1 Tests plan per run divided by testing technique. 
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5. Results 
 
Each of the 48 soil samples (2 per cylinder before and after the simulated storm for each run, 
one cylinder broke during the 4-day run) was tested in the CHN analyser, bearing a nitrogen 
content value per sample in mass percent. This is shown in Tables 5.1 and 5.2. 
 
 
 
 
 
BEFORE 
SAMPLE CODE 
Total-N 
[%] 
AFTER 
SAMPLE CODE 
Total-N 
[%] 
C10DB1 0.1169259176 C10DA1 0.1132116914 
C10DB1 0.1212907061 C10DA2 0.1165025085 
C20DB1 0.1275844872 C20DA1 0.1226352304 
C20DB2 0.1228288859 C20DA2 0.1220113263 
C30DB1 0.1326350272 C30DA1 0.1217124164 
C30DB2 0.1334522963 C303A2 0.1249543354 
C40DB1 0.1130709797 C40DA1 0.1174426526 
C40DB2 0.1298915893 C40DA2 0.1184024215 
C50DB1 0.1140200868 C50DA1 0.1229067072 
C50DB2 0.1162745282 C50DA2 0.1229236946 
C60DB1 0.1054428667 C60DA1 0.1170476004 
C60DB2 0.1146962419 C60DA2 0.1205906719 
Table 5.1 CHN Analysis for the before and after samples of the 0-day run 
 
BEFORE 
SAMPLE 
CODE 
Total-N 
[%] 
AFTER 
SAMPLE 
CODE 
Total-N 
[%] 
C14DB1 0.1273356229 C14DA1 0.1165441498 
C14DB2 0.1333672851 C14DA2 0.113252759 
C24DB1 
*Broken 
Cylinder* 
C24DA1 
*Broken 
Cylinder* 
C24DB2 
*Broken 
Cylinder* 
C24DA2 
*Broken 
Cylinder* 
C34DB1 0.1695913821 C34DA1 0.169690758 
C34DB2 0.1255240589 C34DA2 0.1012042165 
C44DB1 0.1696901768 C44DA1 0.1694410741 
C44DB2 0.1664344519 C44DA2 0.1718888134 
C54DB1 0.1311277747 C54DA1 0.1246686131 
C54DB2 0.1196676493 C54DA2 0.1178288832 
C64DB1 0.1188915819 C64DA1 0.1251756251 
C64DB2 0.122152999 C64DA2 0.1242485344 
Table 5.2 CHN Analysis for the before and after samples of the 4-day run 
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Percentile measurements can easily be transformed into mass/mass concentration units by 
multiplying by a factor of 10,000, yielding mg/kg or ppm. This is used later on in the treatment 
of the results, the corresponding equation is obviated.  
 
The content of nutrient-related ions in the run-off water, determined from a single sample per 
collection tank per run through ion chromatography, are given in milligrams per liter of the 
solution inserted into the analyser. These results are shown in Tables 5.3 and 5.4. 
 
To determine the concentration of the nutrients dissolved in the sampled water from the ion 
chromatography readings, it is necessary to know the dilution ratio used in the preparation of 
the samples for analysis. However, in this experiment the samples were fed directly into the 
machine, so that the concentration given is 1:1 to the concentration in the run-off water. Then, 
if we consider the density of water to be 1 kg/L (at the cost of an omission of a few tens of 
milligrams off a kilogram), these mass/volume concentrations can be used equivalently to 
mass/mass concentrations in mg/kg, or ppm. 
 
 
 
Negative concentrations are of course nonsensical, and the negative ammonium values in Table 
5.4 are due to erroneous baseline calculation by the ion chromatographer. These values are 
ignored from here on, replacing them with zeroes whenever necessary. 
0-day water 
samples 
NH4+ NO3- 
Ortho-
P 
SAMPLE CODE [mg/L] [mg/L] [mg/L] 
C10DW -0.1519 68.59 0 
C20DW 0.2803 46.2173 0 
C30DW 1.4511 66.2632 0 
C40DW 1.388 75.6038 0 
C50DW 1.3289 64.9749 0 
C60DW -0.2141 53.6797 0 
Table 5.3 Ion chromatography results from the 0-day run run-off water 
(yellow is ignored data) 
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Since individual units cannot be taken as equivalent due to differences in the soil mass within 
them as well as variations in the volume of rain they received (see Chapter 6.1), the comparison 
of nitrogen levels in soil before and after must be performed on the mean value of the samples 
within each cylinder. So that a mean loss of nitrogen (the term ∆Total-N will be used 
equivalently from here on) in soil, defined as: 
 
∆Total N = Total NAfter − Total NBefore 
 
can be determined for each cylinder. 
Thus, the means for each cylinder, as well as the difference between them (the loss from soil) 
for each of the runs can be viewed as in tables 5.5 and 5.6. These values can also be seen in 
Figures 5.1, 5.2 and 5.3. 
 
 
 
4-day water samples NH4+ NO3- Ortho-P 
SAMPLE CODE [mg/L] [mg/L] [mg/L] 
C14DW 0 69.7795 0.9454 
C24DW 
*Broken 
Cylinder* 
*Broken 
Cylinder* 
*Broken 
Cylinder* 
C34DW 0 74.8448 1.1587 
C44DW 0 49.2625 2.5956 
C54DW 0 47.2566 7.906 
C64DW 0 54.1348 1.4791 
Table 5.4 Ion chromatography results from the 4-day run run-off 
water, notice the complete absence of ammonium. 
 
SOIL 
BEFORE 
SOIL AFTER LOSS 
Run-off 
water 
Run-off 
water 
Run-off 
water 
0-day run 
[Cylinder 
number] 
Mean Total N 
[mg/kg] 
Mean Total 
N 
[mg/kg] 
∆𝐓𝐨𝐭𝐚𝐥 𝐍 
[mg/kg] 
NH4+ 
[mg/kg] 
NO3- 
[mg/kg] 
ortho-P 
[mg/kg] 
1 1191.083119 1148.571000 -42.512119 -0.1519 68.59 0 
2 1252.066866 1223.232784 -28.834082 0.2803 46.2173 0 
3 1330.436618 1233.333759 -97.1028585 1.4511 66.2632 0 
4 1214.812845 1179.225371 -35.5874745 1.388 75.6038 0 
5 1151.473075 1229.152009 77.678934 1.3289 64.9749 0 
6 1100.695543 1188.191362 87.4958185 -0.2141 53.6797 0 
Table 5.5 Total-N in soil before and after, together with the loss per cylinder and the concentrations of nutrients 
in the run-off water for the 0-day run. All normalized to mg/kg. (Fields marked in yellow are ignored values.) 
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It is important to point out that some values of ∆Total N have been deemed as invalid, and with 
them the before and after they have been calculated from. This decision might seem arbitrary, 
but it is based in the knowledge that no natural processes can cause an increase in soil N of that 
magnitude (up to 87.49 mg/kg) in the duration of the experiment. They are therefore judged as 
not belonging to the population of mean soil N and soil N loss from this experiment. This matter 
is viewed again briefly from a statistical point of view in the next chapter. 
 
 
 
SOIL 
BEFORE 
SOIL AFTER LOSS 
Run-off 
water 
Run-off 
water 
Run-off 
water 
4-day run 
[Cylinder 
number] 
Mean Total N 
[mg/kg] 
Mean Total 
N 
[mg/kg] 
∆𝐓𝐨𝐭𝐚𝐥 𝐍 
[mg/kg] 
NH4+ 
[mg/kg] 
NO3- 
[mg/kg] 
ortho-P 
[mg/kg] 
1 1303.51454 1148.984544 -154.529996 0 69.7795 0.9454 
2 *Broken Cylinder* 
3 1475.577205 1354.474873 -121.1023325 0 74.8448 1.1587 
4 1680.623144 1706.649438 26.0262940 0 49.2625 2.5956 
5 1253.977120 1212.487482 -41.4896385 0 47.2566 7.906 
6 1205.222905 1247.120798 41.897893 0 54.1348 1.4791 
Table 5.6 Total-N in soil before and after, together with the loss per cylinder and the concentrations of nutrients 
in the run-off water for the 4-day run. All normalized to mg/kg. (Fields marked in yellow are ignored values) 
 
Fig 5.1 Before and after total-N values paired by cylinder for the 0-day run. 
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Fig 5.2 Before and after total-N values paired by cylinder for the 4-day run. 
Fig 5.3 Comparison between the N losses per cylinder in the 0-days and 4-days runs. Positive values for ∆Total-
N (which would imply a gain of N) have been ignored in the calculation of the mean. 
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From these results, mean values can be finally calculated as estimations of the mean ∆Total-N 
in soil and the net nitrogen (defined as NH4+ + NO3-) and Ortho-P found in water, summarizing 
the outcome of the experiment and enabling the comparison between the two runs. This is 
shown in Table 5.7 and Figure 5.4. 
Error bars have been added as a reference to the large variability of the data. Standard errors 
are calculated from the standard deviation through the relation: 
 
SE =
SD
√n
 
 
Where n is the number of accepted samples in each run. 
 
 
Mean values / standard 
error 
Mean ∆Total-N 
Mean net N in run-off 
water 
Mean ortho-P in run-off 
water 
0-day run 
-51.0091335 / 
 13.5240 
65.2195 / 4.1599 0 / 0 
4-day run 
-105.7073223 / 
 27.3751 
59.05564 / 4.9945 2.81696 / 1.1660 
Table 5.7 Mean values for nitrogen loss in soil and loss of P and N to run-off water for the 0-day and 
4-day runs. 
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Fig 5.4 Comparison of the mean values for nitrogen loss in soil and loss of P and N to run-off water with 
Standard Error bars added. The first two columns correspond to the absolute value of the mean ∆Total-N to 
make the graphical comparison easier. 
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6. Analysis 
 
As mentioned before in this report, the intention with calculating the mean values for total-N 
in soil before and after the simulated storm and the different ions in the collected runoff water 
is to perform a mass balance analysis. However, attention needs to be drawn towards the 
dispersion of the data, and particularly the Standard Errors for said mean values. These errors 
are small relative to the absolute value of total N in the soil, but are considerable compared to 
the difference between before and after in both runs, amounting to nearly a fifth of the 
magnitude of the mean N loss in soil. 
 
One can almost immediately spot the problems caused by said dispersion: several data pairs 
(before and after) had to be ignored, as they indicated -erroneously- an increase of soil nitrogen 
after the storm. More importantly, there seems to be more nitrogen in the run-off water for the 
0-day run than what was lost from the soil even after weeding out all outlier pairs (see Figure 
5.4). As tempting as it may be to try to explain this last oddity through mysteriously high rates 
of microbial activity1, the simplest explanation is systematic error. 
 
For this reason, it is necessary to first make sure that the data groups obtained indeed belong 
to populations which are intrinsically different (and do not just seem different due to systematic 
error), both when comparing before and after samples and when making the central 
comparison between N losses in the 0-days and 4-days runs. A number of statistical tools have 
been used for this purpose. 
 
First, it is important to notice the paired nature of the experiment, since mean Total-N values 
before and after are much more related to each other in corresponding cylinders within each 
run than between different cylinders.  
                                                          
1 This discrepancy could in principle be explained by large amounts of soil ammonium being nitrified, so that 
it escaped with the run-off water, or assimilated and turned into organic-N. Since CHN analysis is blind to 
ammonium, this magazine would not be included in the Total-Nbefore measurement, but would be detected 
after the simulation either in the water as nitrate or in Total-Nafter, making ∆Total-N smaller and the net N in 
run-off larger. However, this would require impossibly high rates of bacterial activity compared to what is 
found in nature. (Stevenson 1986) 
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This can be graphically appreciated in Figures. 6.1 and 6.2: if data points were all equally related 
to each other, they would  be clustered in such a way that switching correspondences around 
randomly would not alter the general shape of the scatterplot (for example, round-shaped 
cluster). On the other hand, paired data stretches along a positively sloped line since increases 
in the values of one data group correspond to proportional increases in the second group, but 
only when both groups are paired as they belong together. 
In this experiment’s case, when data from corresponding cylinders is plotted together, they 
stretch along the reference line. If paired randomly, the scatterplot would show no 
distinguishable patterns.  (Samuels 2012) 
 
 
 
 
Fig 6.1 This scatterplot of the 0-day run shows the pairs of mean Total-N values to follow an upward 
trend. This relates corresponding cylinders more strongly with each other than with random partners. 
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In this step of the analysis, significance was determined through the Wilcoxon signed-Rank test. 
In short terms, this non-parametric test shows the level of confidence for paired data from 
repeated measures to belong to different populations, without requiring them to be normally 
distributed (as the paired Student’s t-test would). (Samuels 2012) 
 
The test was performed using a web calculator tool (Stangroom 2014a) using data from both 
runs simultaneously, due to the very small sampling population that was allowed into the 
analysis (after the removal of outliers). 
Using both runs for this statistical analysis was deemed permissible since all data points are 
introduced properly paired with their corresponding values within the same run. 
The test produced the following statistics: 
 
 
 
 
Fig 6.2 This scatterplot of the 4-day run shows the pairs of mean Total-N values to follow an upward 
trend. This relates corresponding cylinders more strongly with each other than with random partners. 
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A positive result for significance could only be obtained after removing all data pairs which 
produced positive N loss values. This makes sense in relation to the decision from Chapter 5 of 
ignoring such data: positive ∆Total-N values do not actually carry information about the 
population of results to be analyzed, since they do not belong to it. They are indeed outliers not 
representative of the general distribution of nitrogen losses from this experiment. 
 
With these considerations, the differences between before and after measurements, i.e. that 
there is a trend of N actually being lost from soil with the simulated storm, are considered 
statistically significant. 
 
A similar test must be performed for the ∆Total-N data to determine if the difference observed 
between the values from the 0-day and 4-day runs is indeed proof of the populations of mean 
N losses being different for each run. This is done using the Student’s t-test in a web calculator 
(Stangroom 2014b). 
The Student’s t-test, however, requires data to be normally distributed. Thus, the normality of 
∆Total-N  for 0-day and 4-day must first be determined. This is done through the Saphiro-Wilk 
test of nonnormality together with the graphical interpretation of the normal probability plots 
shown in Figures 6.3 and 6.4. 
The test is performed using a web calculator tool (SciStatCalc 2013) and provides the following 
Saphiro-Wilk p-values: 
 
W-value: 0 
Mean Difference: 65.55 
Sum of pos. ranks: 28 
Sum of neg. ranks: 0 
Z-value: -2.3664 (nb. N too small) 
Sample Size (N): 7 
 
“The Z-value is -2.3664. However, the size of N (7) is not 
large enough for the distribution of the Wilcoxon W statistic 
to form a normal distribution. Therefore, it is not possible 
to calculate an accurate p-value.” 
 
“The W-value is 0. The critical value of W for N = 7 at p≤ 
0.05 is 2. Therefore, the result is significant at p≤ 0.05” 
(Stangroom 2014a) 
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0-days run data: 
p = 0.084891 
 
4-days run data:  
p = 0.903587 
 
 
This indicates that there is weak to moderate evidence for nonnormality in the 0-day ∆Total-N 
data, while there is no compelling evidence of nonnormality in the 4-day ∆Total-N data, a result 
that is supported by the behaviour of the normal probability plots, where the data mostly 
follows the line that represents the values predicted for a normal distribution.  (Stevens 2012) 
 
 
 
 
 
Fig 6.3 Normal probability plot for ∆Total-N in the 0-day run. While along a curved path, the data 
points stay along the direction and increasing trend of the reference line. 
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Trusting that the data is normally distributed, it is now possible to proceed with the Student’s 
t-test to evaluate the confidence in this stage’s alternative hypothesis (HA): that the ∆Total-N 
values for the experiment’s two runs belong indeed to two different populations clustered 
normally around two different mean N loss values. This is the last hypothesis that needs to be 
proved to be able to rely on the data obtained and draw conclusions from them. 
 
The Student’s t-test provided, thus, the following statistics when applied to the four and three 
accepted (non-positive) ∆Total-N values from the 0-day and 4-day runs respectively: 
 
 
 
 
Fig 6.4 Normal probability plot for ∆Total-N in the 4-day run. The data points here are actually 
quite close to the reference line. 
 
ts = 1.628414 
P-Value = 0.082183 
“The result is significant at p < 0.10.” 
(Stangroom 2014b) 
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With this, it can finally be stated that there is a difference between the mean loss of nitrogen 
from soil (or mean ∆Total-N) in the 0-day run and in the 4-day run which is significant to a 
confidence level of 0.10.  
This indicates that there is a consistent change in the actual loss of organic-N and nitrate in soil 
after intense rain as a result from soil short-term saturation. 
This means, according to this project’s results, that 4 days of waterlogging cause increased 
nitrogen loss from the soil. However, due to the error associated to the samples’ variability, the 
magnitude of this increase cannot be determined with sufficient accuracy. 
 
However limited, this project’s test panel does allow mass balance analysis to be performed to 
a certain extent: by looking at Fig. 5.4 and Table 5.7, it can be seen that the mean concentrations 
of net nitrogen found in the run-off water for the 0-day and 4-day runs are set apart from each 
other by little more than 6 mg/kg, quite close to the Standard Error of both means. 
This raises an important question: is there a significant change in the run-off water 
concentrations of nitrogen between the 0-day and the 4-day run? 
 
This matter is treated much the same way as the loss of nitrogen from soil, by establishing the 
normality of the two sample populations and using the Student’s t-test to try to disprove a null 
hypothesis (H0) on them belonging to actual different populations (i.e. trying to disprove that 
they belong to the same population around the same mean). 
The normal probability plots for these two sets of data are shown in Figures 6.5 and 6.6, and 
the results from the Saphiro-Wilks tests (SciStatCalc 2013) are as follows: 
 
0-days run Saphiro-Wilks: 
p − value =  0.663215 
 
4-days run Saphiro-Wilks: 
p − value =  0.264972 
 
 
Both establish that no compelling evidence of nonnormality can be found, as can also be 
appreciated in the normal probability plots. (Stevens 2012) 
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Fig 6.5 Normal probability plot for the net in run-off water, 0-days run. 
 
 
Fig 6.6 Normal probability plot for the net in run-off water, 0-days run. 
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After this, the null hypothesis on a significant difference between 0-day and 4-day run-off water 
nitrogen content is tested using the same web tool as before (Stangroom 2014b), yielding the 
following statistics: 
 
 
 
 
Thus providing no significative evidence to disprove H0, since α=0.10 is the lowest confidence 
level normally considered for significance.(Stevens 2012) 
 
This means that, as far as this study is concerned, there is no evidence that the amount of net 
nitrogen (ammonium plus nitrate) lost to run-off water is affected by short-term saturation, 
compared to no saturation. 
 
The possible reasons for the lack of difference in N lost to run-off in spite of a significative 
difference in the Total-N lost from soil between the 0-day and 4-day runs will be discussed in 
the following chapter; as well as the implications of the difference in Ortho-P found in run-off 
between the two runs. 
 
 
 
 
 
 
ts = 0.501365 
Student’s t-test p-value = 0.628148 
 
“The result is not significant at p < 0.10” 
 
Controlled Drainage and Climate Change Adaptation in Agricultural Fields: P and N Losses from Plough Layer 
Under Simulated Storm Conditions 
49 
 
7. Discussion 
 
As explained in the previous chapter, this project was able to determine that the use of CoD as 
proposed by IVOSE (corresponding to the 4- day run) does cause a higher nitrogen  and 
phosphorus loss from the soil than conventional drainage (corresponding to the 0-day run). 
This means, that there is a possibility that such use of CoD could have negative effect on nutrient 
losses. However, this study alone does not have the reach to determine the reality of this risk, 
since no reliable information can be drawn from its results about the magnitude of the 
difference in such losses, or their environmental impact. 
 
As to the net nitrogen found in the run-off water (Fig. 5.4 and Table 5.7), a statistical comparison 
of both runs shows that the use of CoD instead of CD does not cause a significant difference. In 
terms of the risk of pollution of surface- and groundwater with nitrogen, the use of Controlled 
Drainage as a climate change adaptation technique does not seem to be cause of concern. 
 
Phosphorus is a slightly different picture, since no mobilization was detected with free drainage 
and some was when simulating Controlled Drainage. However, the concentrations detected are 
extremely low, hovering little above 2 ppm. This value, the same as for nitrogen, is not to be 
taken as a definitive result, due to this projects limitations in precision. Thus, saying “a small 
increase in P mobilization was detected when CoD was implemented” must suffice. 
 
This can be interpreted as a change from oxidizing to reducing conditions within the soil. Such 
a change would have caused some of the insoluble ferric iron phosphate minerals in the soil to 
liberate the phosphate into the water saturating the soil, allowing it to run off into the collection 
tanks. 
Another possible explanation would be a change in soil pH, where acidification could likewise 
liberate some of the phosphate fixed in the form of apatites (mostly insoluble calcium-
phosphate minerals), another inorganic compound commonly found in the soil. 
 
However, it is the fact that no significant difference in the loss of nitrogen to run-off was 
detected while a significant increase in loss from the soil was what warrants further discussion. 
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Without the possibility to numerically perform a mass balance analysis, the particulars of what 
happens to the nitrogen being lost from the soil can only be roughly sketched, however, it is 
possible to conceptually analyze this case after the following the equation: 
 
∆Total N = Atmospheric interaction + (NH4
+
run−off
+ NO3
−
run−off
) 
 
Where Atmospheric interaction stands for the action, denitrification and ammonia evaporation 
put together.2 
This equation states that every atom of soil nitrogen that escapes the soil, does so either into 
run-off water as dissolved species, or to the atmosphere in gaseous form. Thus, when having an 
idea on two of the amounts, the third must always balance out. 
This can be expressed by turning the previous equation around: 
 
Atmospheric interaction = ∆Total N − (NH4
+
run−off
+ NO3
−
run−off
) 
 
Going back to the results, the total loss of nitrogen from soil increases with short-term 
saturation, while the loss to run-off stays the same. This can only mean an increase in 
Atmospheric interaction; in particular loss to the atmosphere. 
 
Ammonia evaporation is governed by the concentration of ammonia (dissolved mostly in the 
form of the ammonium ion) and wind. Since these two factors were controlled by using the 
same soil in both runs and performing the experiment in the controlled atmosphere of a 
thermostatic room, the only factor left that could affect ammonium evaporation rates is the time 
that this process was left to take effect, and the fact that the interface between the soil system 
and the air in the 0-days run is the soil itself, while in the 4-days run it was the surface of the 
risen water that filled the cylinder. 
                                                          
2 Technically speaking, also nitrogen fixation and ammonia and nitrate deposition count as Atmospheric 
interactions, but these phenomena are excluded from the analysis, since no ammonia or nitrate sources 
were present during the experiment, and the N2 fixation due to free bacteria is much too slow to be of any 
importance in such a short time (Stevenson 1986) 
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This would, however, most likely only be an important factor in the loss of nitrogen to the 
atmosphere if urea-rich fertilizers were used on the soil, whereas otherwise the rates of N loss 
from ammonium volatilization are very low. (Ellington 1986) 
 
On the other hand, we have denitrification. This process, in which soil nitrate escapes in the 
form of N2 because of the metabolism of bacteria under anoxic conditions. This activity is much 
more easily linked to the scenarios tested by this experiment, since lack of oxygen due to 
waterlogging is the primary factor defining the 4-day run. Furthermore, denitrification rates 
can be very high -over 14.0 mgN/kg*hr under the right conditions (White & Reddy 2003)-, 
making it more likely for denitrification to be a cause for an observed change in soil nitrogen. 
Thus, it seems more meaningful to attribute this increase in atmospheric interaction to 
increased denitrifying microbial activity due to lack of oxygen, particularly so due to the fact 
that a number of microorganisms found in the soil are facultative denitrifiers, which grow and 
reproduce under normal aerobic conditions but can resort to nitrate reduction as a way to 
adapt to waterlogging (Ågren & Andersson 2012).  
 
 
7.1 A posteriori considerations 
As mentioned before, the calculated mean values for total-N and different ions in the collected 
runoff water are to be used in a mass balance analysis, i.e. the changes in species of P and N 
where direct measuring is not possible are calculated by subtraction from those which have 
been measured in the experiment. 
 
As the results turned out to be less reliable than hoped due to systematic error, some focus had 
to be placed on possible factors contributing to this. By carrying out the experiment in the 
manner it was, several weak points in both planning and procedures were observed. 
 
One of the main aspects of this experiment that warrant reconsideration is the number of 
sampling repetitions (subsamples) that were taken per experimental unit (soil column). Here, 
instead of having six experimental units and only two subsamples per column, the ideal 
procedure would involve fewer experimental units (four, for example) with more subsamples 
per column (five or more). This would allow for a much more effective identification of outlier 
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values and would expand the possibilities for correction of error within the sampling of each 
experimental unit, in other words; would generate fewer more reliable repetitions. 
 
Another important weakness of the procedure as was carried out falls on the execution. In this 
experiment, the soil in each unit was mixed and added to fill a certain height of the column by 
simply filling them up to a mark on a ruler. Calculations or measurements of the density of the 
soil were not taken beforehand, so this also affected the unequal distribution of the soil in the 
different columns. 
The water used for the storm simulation was measured in 1L beakers. The water was 
administered in 16 pulses of 220 mL with each, so approximating 220mL in a 1L beaker may 
have caused an uncertainty of approximately 50 mL. The volume of water that ran through one 
soil column could therefore have differed from the next one by as much as 800 mL in the end. 
Unknowingly, these two factors contributed to the already large natural variability of the soil 
samples collected afterwards by introducing an uncertainty in the amount of soil in each unit 
and the volume of water that ran through each.  
 
The materials used to make the cylinders also played a part in the uncertainties in the results, 
as the shell was made of construction PVC piping, whose dimensions are not standardized to a 
precision suited for laboratory work. This low precision in the columns’ radii propagates into 
an uncertainty in the columns’ volumes and therefore into an uncertainty of the soil mass within 
them and so in the overall mass of N and P in each column. 
 
Trivial as these uncertainties may seem, their collective effect when entered in the calculations 
of the volume of the soil within each unit and paired with the corresponding uncertainty in the 
density of freshly mixed soil causes the error of the calculated soil mass to be as high as 10% of 
its value.  
 
These unfortunate omissions can, however, be solved in a relatively straightforward manner; 
for example, by measuring the volume of water used in each pulse of the storm with a more 
precise instrument, such as a large pipette or a finely graduated measuring glass, and by 
weighing the soil in a laboratory scale before adding it to the column, so as to be perfectly sure 
that the masses of soil inside of each unit do not vary significantly from one another. 
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One more important omission made in this experiment was the season. Time constraints are a 
part of the work of any scientific project, but in this case, the choice of season is important 
enough to warrant putting any eventual remake on hold until the appropriate time. 
Not only are the late-summer storms much more important in terms of both nutrient loss from 
the soil and climate change adaptation than the much milder spring rains (Sonnenborg 2006), 
but the presence of added mineral fertilizers can make all the difference when trying to counter 
the natural heterogeneity of the soil. 
When this project was carried out, the field in Skensved Å’s catchment had already been 
fertilized. Thus, the total amounts of N and P in the soil had been increased due to the amounts 
of these nutrients in the fertilizer that was used, and with them the variability in soil, P and N 
concentration. Therefore, the chance of acquiring inaccurate or rather unexpected results 
became larger. 
 
Agricultural legislation and practice dictates that the amount of N and P added to a field per 
hectare at the start of the spring do not exceed the expected uptake by the crop to be grown in 
the field in question, thus minimizing the amount of leftover added nutrients after harvest. This 
means that the net content of soluble nitrogen and phosphate in the soil is much lower after 
harvest than before sowing, and so is the absolute variability within the soil, reducing the 
overall dispersion of all measurements taken and giving any results a much greater statistical 
significance. 
 
Lastly, the time between moving the samples between freezers, fridges and laboratories may 
have also had an impact on the chemical change reactions occurring in the samples, which may 
in turn have affected the chemical structure within the soil, and so affecting our potential 
results. 
 
Thus, by observing the aforementioned precautions, the uncertainty in any data obtained can 
be held to an optimal minimum, even though there is no entirely controlling of the anarchic 
nature of the soil when it comes to fine measurements, enabling a project with enough time and 
resources to perform a much more extensive testing panel and more clearly describe the mass 
balance model of the dependence of nutrient loss with short-term saturation by CoD. 
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Table 7.1 shows the ideal set of tests thought to suffice for properly describing all parts of P and 
N mass balance, given enough care is given to the preservation of all samples taken (proper 
freezing and refrigeration) during the time that it would take to perform all tests involved. 
 
Counting on the data from the aforementioned tests to be reliable (granted that all precautions 
are observed and with a bit of luck), with the interval of uncertainty being sufficiently small 
compared to the measured values, the following portions of the mass balance could then be 
calculated besides the total loss of nitrogen from soil and the concentrations of ions in the run-
off water:  
 
∆Ortho– Psoil after − Ortho– Psoil before 
 
P mobilization/ immobilization = Ortho– Psoil before − (Ortho– Psoil after + Ortho– Prun−off) 
 
Denitrification = ∆Total N − (NO3
−
run−off
) 
∆Organic N = Organic Nafter − Organic Nbefore
= (Total– Nafter − NO3
−
soil after
) − (Total– Nbefore − NO3
−
soil before
) 
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Nutrient 
tested 
Sample 
preparation 
Testing technique 
(machine) 
Tests per 
experimental 
unit (column) 
x4 
experimental 
units 
Total (0-
days run + 
4-days run) 
Total-N in soil 
(Before and 
after) 
Drying (105C 
for 24hrs) 
CHN 5+ 20 40 
NH4+ in soil 
(Before and 
after) 
Soil solution 
extraction with 
1:8 KCl 1M as 
deflocculant 
Spectrophotometry. 5+ 20 40 
Ortho-P in soil 
(Before and 
after) 
Soil solution 
extraction with 
1:10 
demineralized 
water 
Spectrophotometry 5+ 20 40 
NO3- in soil 
(Before and 
after) 
Soil solution 
extraction with 
1:10 
demineralized 
water 
Lachat (flow-
injection analysis) 
5+ 20 40 
Ortho-P in 
run-off water 
Direct 
sampling 
Ion Chromatography 3 12 24 
NH4+ in run-off 
water 
Direct 
sampling 
Ion Chromatography 3 12 24 
NO3- in run-off 
water 
Direct 
sampling 
Ion Chromatography 3 12 24 
TOTAL     232 
Table 7.1 Test plan for all before- and after-storm samples in both 0-day and 4-day runs. 
Controlled Drainage and Climate Change Adaptation in Agricultural Fields: P and N Losses from Plough Layer 
Under Simulated Storm Conditions 
56 
 
8. Conclusion 
In spite of the large uncertainty in this experiment’s results and analysis, a trend of increased 
losses of organic nitrogen and nitrate can be associated to the effect of short-term saturation in 
the studied agricultural topsoil, as a result of the simulation of IVOSE’s use of Controlled 
Drainage as a climate change adaptation technique. 
 
This difference can be explained by increased interaction with the atmosphere and soil 
nitrogen, since no significant differences were found in the amounts of nitrate and ammonium 
lost to drain water between Conventional Drainage and Controlled Drainage, pointing at 
increased denitrifying microbial activity due to the anoxic conditions brought forth by 
waterlogging. 
 
A similar conclusion can be drawn for the mobilization of phosphate, which shows a significant 
- though small - increase as a result of the change from oxidizing to reducing conditions 
provoked by the use of Controlled Drainage. 
 
A potential remake of this project, following the same experimental lines, but taking greater 
care of controlling the uncertainties associated with soil analysis, would better illuminate the 
mass balance analysis model, which describes the dynamics of soil nutrients, under the 
influence of changing physicochemical conditions brought forth by the use of Controlled 
Drainage. 
 
Further, more detailed work could help establish – or at least delimit – the magnitude of the 
total nitrogen loss, atmospheric interaction and P mobilization increases here discovered; to 
then determine if they pose a significant environmental and economical challenge. If such were 
the case, knowledge of the precise changes in soil nutrient composition with different 
saturation periods, would help IVOSE decide on measures to avoid negative effects by, for 
example, fine-tuning the times of action for CoD or suggesting different fertilizer formulas to 
the area’s farmers. 
 
 
Controlled Drainage and Climate Change Adaptation in Agricultural Fields: P and N Losses from Plough Layer 
Under Simulated Storm Conditions 
57 
 
9. References 
 
Brady, Nyle C. & Weil, Ray R., ‘The Nature and Properties of Soils’, Prentice Hall, 14th edition, 
USA 2008 
 
Busman, Lowell & Sands, Gary. 2002. Agricultural Drainage. Issues and Answers. Available 
from: 
<http://www.extension.umn.edu/agriculture/water/publications/pdfs/issues__answers.pdf> 
[06-05-2014] 
 
Busman, Lowell; Lamb, John; Randall, Gyles; Rehm, George & Schmitt, Michael. 2009. The 
Nature of Phosphorus in Soils. University of Minnesota - Extension. Available from: 
<http://www.extension.umn.edu/agriculture/nutrient-management/phosphorus/the-
nature-of-phosphorus/> [06-05-2014] 
 
Cordell, Dana, The Story of Phosphorus. Sustainability implications of global phosphorus 
scarcity for food security, PhD Thesis, Linköping University, Sweden 2010 
 
Ellington, A. Ammonia volatilization losses from fertilizers applied to acid soil in the field. 
Fertilizer Research, vol. 8. 1986. p. 283-296. 
 
Foged, Henning Lyngsø. Hvid, Søren Kolind. Controlled Drainage and other SCIEN drainage 
technologies - Technologies that benefits environment and plant production by reducing loss 
of nutrients and water by drainage. Agro business Park A/S. Available from: 
<www.agropark.dk> [November 2012]  
 
Graversgaard, Morten. Klimatilpasningsplanlægning - i et spændingsfelt mellem natur og 
samfund. Tek-sam master thesis. Roskilde University. Dec 2012.  
 
Grunth, Nina L., et. al., Oxygen depletion and phosphorus release following flooding of a 
cultivated wetland area in Denmark, Danish Journal of Geography, issue 108(2), 2008, p. 17-
25  
 
Intelligent varsling og styring af ekstremregn, 2014. Available from 
http://www.kruger.dk/da/omos/udviklingsprojekter/intelligentstyringekstremregn/ [12-
05-2014] 
 
Jørgensen, Anne Mette K. & Cappelen, John. DMI, The Danish Meteorological Institute’s 
records..  Nedbør og Sol. Available from: <http://www.dmi.dk/klima/klimaet-frem-til-i-
dag/danmark/nedboer-og-sol/> [10-05-2014] 
 
Controlled Drainage and Climate Change Adaptation in Agricultural Fields: P and N Losses from Plough Layer 
Under Simulated Storm Conditions 
58 
 
Jørgensen, Anne Mette K; Cappelen, John; Schmidt, Torben & Nielsen, Jacob Woge. DMI, The 
Danish Meteorological Institute’s records. Vandstand. Available from: 
<http://www.dmi.dk/klima/klimaet-frem-til-i-dag/danmark/vandstand/> [10-05-2014] 
 
Riffiths, D. T. Jones & K. Walters, A flow reversal due to edge effects, Journal of Fluid 
Mechanics, Volume 36, Issue 01, March 1969, pp 161-175, D. F.  
 
Kystdirektoratet. Oversvømmelsesdirektivet. Available from: 
<http://kysterne.kyst.dk/oversvoemmelsesdirektivet.html > [05-05-2014] 
 
Miljøministeriet 2013, Denmark without waste - Recycle more, incinerate less, Government of 
Denmark. Available from: 
<http://www.facebook.com/l.php?u=http%3A%2F%2Fmim.dk%2Fmedia%2Fmim%2F6784
8%2FRessourcestrategi_UK_web.pdf&h=AAQFpljt7> [15-05-2014] 
 
Miljøministeriet, Naturstyrelsen, og Transportministeriet, Kystdirektoratet. 
Endelig udpegning af risikoområder for oversvømmelse fra vandløb, søer, havet og fjorde 
December 2011 
 
Olesen, S. E.. Kortlægning af potentielt dræningsbehov på landbrugsarealer opdelt 
efter landskabselement, geolog, jordklasse, geologisk region samt høj/lavbund. Intern 
rapport fra Det Jordbrugsvidenskabelige Fakultet, DJF Markbrug. Nr. 21. March 2009 
 
Pierzynski, Gary M., Sims, J. Thomas and Vance, George F. Soils and environmental quality. 
Taylor and Francis. 3rd edition. 2005. USA.  
 
Pierzynski, Gary M., Sims, J. Thomas and Vance, George F. 2005. Soils and environmental 
quality. Taylor and Francis. 3rd edition. USA. p. 150-151.  
 
Samuels, M L, Witmer, J A &  Schaffner A. 2012. Statistics For the Life Sciences. Pearson, 4th 
International Edition. USA 
 
Sands, Gary. 2001. Agricultural Drainage: Soil Water Concepts. University of Minnesota - 
Extension. Available from: <http://www.extension.umn.edu/agriculture/water/agricultural-
drainage/soil-water-concepts/> [06-05-2014] 
 
SciStatcalc. 2013. Shapiro-Wilk Test Calculator. Available from: 
<http://scistatcalc.blogspot.dk/2013/10/shapiro-wilk-test-calculator.html> [22-05-2014] 
 
Sonnenborg, Torben O., Christensen, Britt S.B., Henriksen, Hans Jørgen, van Roosmalen, Lieke. 
Klimaændringers betydning for vandkredsløbet i Danmark 2006 
Controlled Drainage and Climate Change Adaptation in Agricultural Fields: P and N Losses from Plough Layer 
Under Simulated Storm Conditions 
59 
 
SSWM - Sustainable Sanitation and Water Management. Controlled Drainage. Available from: 
<http://www.sswm.info/category/implementation-tools/water-
sources/hardware/precipitation-harvesting/controlled-drainage> [01.03.2014]  
 
Stangroom, J. 2014 a. Social Science Statistics. Wilcoxon Signed-Rank Test Calculator. 
Available from: <http://www.socscistatistics.com/tests/signedranks/Default2.aspx>  [22-05-
2014] 
 
Stangroom, J. 2014 b. Social Science Statistics. Student T-Test Calculator for 2 Independent 
Means.  Available from: <http://www.socscistatistics.com/tests/studentttest/Default.aspx> 
[22-05-2014] 
 
Stevenson, F. J., Cycles of soil. John Wiley and sons, 1st edition, 1986 USA. 
 
Stjernholm, Sara. 2011. Putting best agricultural practices to work. Controlled Drainage. 
Available from: <http://www.balticdeal.eu/measure/controlled-drainage/> [06-05-2014] 
 
Strock, Jeffrey S. & Sands, Gary R. University of Minnesota. Controlled Drainage for Agronomic 
and Environmental Benefits. Available from: 
<http://swroc.cfans.umn.edu/prod/groups/cfans/@pub/@cfans/@swroc/documents/asset
/cfans_asset_312126.pdf> [06-05-2014] 
 
Tanji, Kenneth K. & Kielen, Neeltje C. 2002. Agricultural Drainage Water Management in Arid 
and Semi-Arid Areas . Chapter 5 - Water conservation. available from: 
<http://www.fao.org/docrep/005/y4263e/y4263e08.htm> [15.03.2014]  
 
Wesström, Ingrid, et. al., Controlled drainage - Effects on drain outflow and water quality, 
Agricultural Water Management, issue 47, 2001, p. 85-100  
 
Wesström, Ingrid, et. al., The effects of controlled drainage on subsurface outflow from level 
agricultural fields, Hydrological Processes, issue 17, 2003, p. 1525-1538.  
 
Wesström, Ingrid, Messing, Ingmar, Effects of controlled drainage on N and P losses and N 
dynamics in a loamy sand with spring crops, Agricultural Water Management, issue 87, 2007, 
p. 229-240.  
 
Controlled Drainage and Climate Change Adaptation in Agricultural Fields: P and N Losses from Plough Layer 
Under Simulated Storm Conditions 
60 
 
White, J. R & Reddy, K. R. Nitrification and Denitrification Rates of Everglades Wetland Soils 
along Phosphorus-Impacted Gradient. Journal of Environmental Quality. vol. 32, 2003. p. 
2436-2443 
 
World Resources Institute. About Eutrophication. Available from: <http://www.wri.org/our-
work/project/eutrophication-and-hypoxia/about-eutrophication> [02.05.2014]  
 
Wright, Jerry. Sands, Gary. 2009. Agricultural Drainage. University of Minnesota - Extension. 
available from: <http://www.extension.umn.edu/agriculture/water/planning-a-subsurface-
drainage-system/#topography>  [16.03.2014]  
 
Ågren, Göran I. and Andersson, Folke O. Terrestrial ecosystem ecology. Principles and 
applications. Cambridge University Press. 2012. 1st edition. UK. p.161-171  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Controlled Drainage and Climate Change Adaptation in Agricultural Fields: P and N Losses from Plough Layer 
Under Simulated Storm Conditions 
61 
 
Appendix 1 
 
Experimental protocol 
Material collection: 
For this experiment, soil is taken from the Skensved Å catchment reference field (Figure A.1). 
This soil is only taken from the plough layer of the field (top 20 cm after removing growing 
plants and the larger debris), for the reasons explained in the methodology (Chap. 4). The sand 
is taken from the surface of Solrød Strand, carefully making sure that seashells, plants, and 
stones are not collected. 
 
Preparation: 
The sand needs to be as chemically neutral as possible, which is ensured by acid washing. 
This process consists in soaking the sand in about 6 to 7 liters of 1M hydrochloric acid solution 
(ca. pH 1) for 24 hours in order to solubilize any metal ions present in the sand as well as 
remove all carbonate from it. 
The tubs used for the soaking must therefore be non-reactive to acid. Polypropylene is a 
recommended option due to its low cost, resistance to acids and relatively high thermoplastic 
limit. 
 
Fig A.1 Location of the farm selected as a source for the soil used in this project. 
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The first batch of sand is left to soak under the fume hood for about 24 hours, then it is rinsed 
repeatedly with demineralized water until the pH of the water is about 7.0. The sand is then 
dried for another 24 hours at 105 degrees in a ventilated oven. 
Whilst the sand is soaking and drying, the soil is put into tubs and broken down by hand. The 
soil is then mixed thoroughly amongst the tubs, to make sure it is as homogeneous as possible 
throughout the batches. This is done by separating the soil into several containers for mixing 
and destroying any structure (clumps and such) as well as removing as much debris as possible 
and any green plant material and animals. Then, half of the content of each container is switched 
with a neighbour’s and the process is repeated (ensuring also that the mixing of each portion is 
performed by different people). This mixing and switching proces is repeated two or three 
times again. 
The cylinders are then washed with demineralized water. A piece of glass fiber cotton is put in 
the outlet drains in the bottom of the cylinders, to make sure no grains of sand or soil will 
contaminate the drain water samples. Rubber tubing is then fastened to the taps to make sure 
the water will run properly from the cylinders and into the collection tubs at the bottom of the 
experimental setup. These collection tubs are the same which were used in the sand’s washing 
properly washed and rinsed with demineralized water. 
 
In a thermostatic room, with a constant temperature of 15ᵒ Celsius, the cylinders are now 
placed and filled, first with 10cm of the now dry and chemically neutral sand as a buffer for the 
water flow during the experiment. On top of the sand 20cm of the soil is now added, and then 
the soil is watered with 1 liter demineralized water and left for 24 hours, for the soil set-up to 
reach a laboratory equivalent to field capacity. Figure A.2 shows the cylinders in place in the 
thermostatic room of the ENSPAC department at RUC. 
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After the 24 hours saturation period, before samples of the soil are taken out by hand, placed in 
airtight bottles and immediately placed in a common freezer at -18ᵒ Celsius. 
 
Storm simulation: 
The experiment in itself consists of 2 runs. The first part is with 6 experimental cylinders, 
saturated for 0 days to simulate free drainage. The second part is done with 6 cylinders (only 5 
were usable in the end, since one of them broke beyond repair in the preparation process) 
saturated for 4 days to simulate controlled drainage. 
Both runs are started right after the before sample collection to ensure that the soil has the same 
water content (what was defined as laboratory Field Capacity before); with the manual 
watering of the cylinders. 
This is done in pulses of 220mL of deionized water every 30 minutes over an 8-hour period, to 
simulate the precipitation during a strong rainstorm. This wetting is done with “sprinklers” 
made from Plexiglas tubes where the bottom opening was covered with tinfoil fastened to the 
tube with a rubber band. With the tip of a ball pen, 8 small pinholes were made regularly over 
the surface of the tinfoil. This slowed the fall of water on the soil, as well as making it a closer 
resemblance to rain. 
 
 
Fig. A.2 The experimental setup inside the thermostatic room, cylinders 1 to 
6 from right to left. The collection tubs can be seen behind the cylinders. 
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In the 0-days run, the cylinders are left in the temperature room with open outlets for 24 hours 
after the last pulse of the simulated storm, in order to let the water seep out of the from the 
bottom and into the collection tub until the soil again reaches Field Capacity. 
In the 4-days run, the rubber tubings are clamped tight before the watering, to make sure that 
no water will leak out from the experimental cylinder during the 4-days saturation. The 
cylinders are then left undrained for 96 hours (4 days) in the temperature room. After 4 days 
the clamps are removed and the cylinders are left to drain into the collection tubs for 24 hours, 
until they reach Field Capacity. 
 
Sample collection: 
For both of the runs, two samples of soil are taken from each cylinder before starting the 8 hour 
watering period. This is done procuring to sample the soil uniformly, taking small amounts from 
different depths and areas, and putting them into small airtight containers, to make sure the 
samples are representative for the respective cylinder.  
After the respective periods of time for each experimental run, 0 and 4 days plus the 24-hour 
return to Field Capacity, two after soil samples are taken from each cylinder in the same way as 
before the simulated rain. 
One sample from each tub of drainage water is also taken. 
All samples are then immediately put in a freezer, to stop any biological activity in them until 
they are to be used for analysis. 
All samples must be properly marked, so the difference is clear (in this project, samples were 
marked with the coding “Cn B/A 0D/4D n”, (meaning: “Cylinder number”  “Before/After” “0-
days/4-days” and “nth sample from the same cylinder”). The water samples are marked with a 
cylinder number, the number of the experimental cylinder, and the run they belong to. Such 
coding can be seen in Figure A.3 
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Preparing and testing the samples: 
For the samples to be prepared they first need to thaw. This is done overnight in a fridge, to 
keep the temperature of the samples as low as possible. 
The water samples are put directly in small 5mL vials and taken to an ion chromatographer for 
analysis. Ion chromatography provides a reading of the concentration of all anions and cations 
in the sample, from which ammonium, nitrate and phosphate are noted. 
Each soil sample is then put to dry at 105ᵒ Celsius overnight, since they need to be completely 
dry, before they can be analyzed in a CHN machine. After drying, the soil is crushed in a mortar 
and homogenized as much as possible, then, a ca. 1g portion from each sample is taken 
separately to the CHN laboratory for readying. 
To do so, around 30mg of each dry sample is weighed in a high-precision scale (with a 
resolution of one thousandth of a milligram) and carefully packed into small tin foil containers, 
which are fed to the CHN analyzer. This machine then measures the Carbon, Hydrogen and 
Nitrogen content of the gasses produced by the incineration of the sample at extremely high 
temperatures.  
 
 
 
Fig. A.3 Soil and water samples in airtight containers and labeled with their 
corresponding codes. 
 
